Introduction
Movements of body segments during stance tasks can indicate the condition of the musculoskeletal or nervous system (e.g., Duclos, Nadeau, & Lecours, 2008 ). Romberg's test has become standard in the evaluation of spontaneous movements during quiet standing (Khasnis & Gokula, 2003) . Recently, also less expensive inertial measurement units (IMU), which represent electronic devices based on the accelerometers and gyroscopes, were used for high-accuracy measurement of human body segments during quiet stance, instead of commonly used posturography platforms (Mancini et al., 2012) . In the past, sensing units were placed on segments of the axial skeleton (i.e. trunk Use of accelerometers to measure movements of upper limbs biomechanical characteristics of different tremor types are important for correct diagnose (Louis, 2005) .
The first objective of this work is to design a suitable application of inexpensive accelerometers to measure movements of the upper extremities during stance tasks, design quantitative methods of data analysis and test their application on healthy subjects.
The second aim of the study is, by measuring healthy subjects, to identify discrepancies between the movements of dominant and non-dominant upper arm in anatomical axes. Thus, the research question is whether there are also measurable tremors in healthy population, and if tremors are different for the dominant and non-dominant upper limb.
Methods

Test procedure and participants
The set of data to test the applicability of the IMUs for measuring human arm motion during quiet stance was measured on the sample of fourteen volunteers aged 22 (SD 0.5) years; body weight 71 (SD 12) kg; height 176 (SD 8) cm were recruited from students (healthy subjects) of the Czech Technical University in Prague. The Edinburgh Handedness Inventory was used to assess the dominance of a person's right or left upper limb (e.g. Oldfield, 1971 ). In the study, there was one weak left-hander (handedness 9%) and thirteen right-handers (from weak [11%] to strong handedness [100%]) among the subjects. The mean handedness score of the group was 49% (SD 31%). The diagnostic evaluation included a detailed disease history, and an informed consent was obtained from each subject. The study was performed in accordance with the Helsinki Declaration. The study protocol was approved by the local Ethics Committee of the Faculty of Biomedical Engineering of the Czech Technical University (CTU) in Prague. The subjects were chosen for measurement randomly, and on different days.
Test procedure and measurement equipment Xbus Master (Xsens Technologies B.V., Enschede, Netherlands), a lightweight (330 g) and portable device using MTx units for orientation and acceleration measurement of body segments (see Figure 1) , was used for measurement of dominant and nondominant upper arm movements. An MTx unit with an embedded accelerometer and gyroscope represents an accurate IMU measuring drift-free 3-D orientation and 3-D acceleration (Kutílek, Socha, Čakrt, Schlenker, & Bizovská, 2015) . The MTx unit was set up in a way that one axis of the coordinate system of the MTx unit was parallel to the anterior-posterior axis, i.e. symmetry axis of the fixed stationary platform on which the participants stood, and the other two axes were perpendicular to the anterior-posterior axis (i.e. symmetry axis of the platform) with respect to the direction of the Earth's gravity, i.e. superior-inferior axis was co-linear with the direction of gravity. IMU collected acceleration data at a sampling rate of 50 Hz. Bias stability of the accelerometer is 0.02 m ⋅ s -2 , full scale (standard) is ±17 m ⋅ s -2 , linearity is 0.05% of full scale, scale factor stability is 0.05% and noise density is 0.001 m ⋅ s -2 ⋅ Hz -0.5
. Orientation performance of gyroscopes is: angular resolution 0.05°, static accuracy < 0.5°, dynamic accuracy 2°.
After the adjustment, MTx units were placed on the subject's upper extremities in compliance with studies by Rodríguez et al. (2010) and Stirling, Hesami, Ritz, Adistambha, and Naghdy (2010) , and in accordance with the MoCap system manufacturer recommendation. Two MTx units were placed on dorsal sides of upper arms close to centers of mass of segments without depriving motion of upper extremities or trunk.
The data, i.e. the three Euler angles (roll (Allum, Nijhuis, & Carpenter, 2008; Aw, Halmagyi, Black, Curthoys, Yavor, & Todd, 1998; Findling et al., 2011) and three orthogonal accelerations (a Sx , a Sy , a Sz ) in the accelerometer coordinate system (Kennie & Petrie, 2010) were measured by a MTx unit placed on the upper arms while subjects were performing a quiet stance on a fixed stationary platform. Conventions of Euler angles are described in studies by Allum et al. (2008) , Findling et al. (2011) and Osler and Reynolds (2012) . The three accelerations measured by the accelerometer of MTx unit are described Figure 1 . Arrangement of the Xsens system with two three-axis IMUs used to measure acceleration of upper limbs.
(median value of the acceleration is not zero), therefore offset correction is used. The median value of the recorded acceleration is used to shift the baseline at the zero (i.e. the baseline constantly remains at the zero line). Although the mean value and/or median value are close to zero or are zero because of the high number of sample points, the offset correction is used in data processing. Rectification involved the transformation of the signal into only positive deflections, i.e. the negative peaks were "moved up" to plus (Konrad, 2005) , see Figure 2 . Then, the processed signal was used to calculate the medians, (cf. Hogg & Craig, 1995) , of the modified values of the superior-inferior acceleration (a SImed ), medio-lateral acceleration (a MLmed ) and anterior-posterior acceleration (a APmed ) in accordance with the study by Schubert et al. (2012) , as an alternative to the calculation of the mean values of the measured data.
Also, the tremor intensity (TI) of the accelerations was used to quantitatively evaluate the measured data. Tremor intensity is the root mean square of acceleration recorded in the specific band (Papapetropoulos et al., 2010) . We used a band of 1 to 15 Hz, same as Machowska-Majchrzak, Pierzchała, Pietraszek, and Łabuz-Roszak (2011) and Machowska-Majchrzak, Pierzchała, Pietraszek, Łabuz-Roszak, and Bartman (2012). Fast Fourier Transform (FFT) implemented in the MatLab software (Version R2010b; Mathworks, Natick, MA, USA) was used to determine the distribution of the tremor in the frequency band. TI is measured in m ⋅ s -2 ; and larger values are indicative of more intense tremor (Papapetropoulos et al., 2010 in detail by Altun and Barshan (2012) and Gil-Agudo et al. (2013) .
The movements of both upper arms (dominant and non-dominant) were measured by the Xsens system during the quiet stance (i.e. Romberg's test) on a firm surface (FiS) with eyes open (EO) and eyes closed (EC) (e.g., Honegger, Van Spijker, & Allum, 2012) . The subject's bare feet were positioned next to each other, splayed at an angle of 30°, arms always in a hanging position. The tasks included standing on both feet for at least 60 seconds (Zadnikar & Rugelj, 2011) .
Method of data processing
Three orthogonal accelerations and three Euler angles were recorded continuously during trials. This way, a set of instantaneous values were obtained by both MTx units placed on upper arms. The instantaneous values of the three Euler angles and three accelerations in the accelerometer coordinate system of each MTx unit were used to calculate the accelerations in the global reference system and then in the anatomical coordinate frame. The calculation is based on the rotational matrices. The first rotation matrix R GSi rotates an acceleration vector a Si = (a Sxi a Syi a Szi )
T of instantaneous (i) accelerations in the sensor co-ordinate system (S) to the global (G) reference system a Gi = R GSi ⋅ a Si , where the matrix R GSi is described in detail in (Ying & Kim, 2002) . The acceleration vector a Gi = (a Gxi a Gyi a Gzi )
T of the instantaneous accelerations in the global reference system is then rotated to the anatomical (A) coordinate frame a Ai = R AG ⋅ a Gi , (Brinckmann, Frobin, & Leivseth, 2002) . The second rotation matrix R AG is obtained during the calibration process of the MTx unit. The calibration method and the application of the rotation matrix are described in detail in Melecky et al. (2016) . The calculated acceleration vector a Ai = (a APi a MLi a SIi ) T of the instantaneous accelerations represents the superior-inferior (SI) acceleration (a SIi ), medio-lateral (ML) acceleration (a MLi ) and anterior-posterior (AP) acceleration (a APi ). Acceleration is recorded continuously during measurements. For quantitative evaluation of the data, the maximal measured values of the accelerations a APmax = max(a AP1 , … , a APn ), a MLmax = max(a ML1 , … , a MLn ), a SImax = max(a SI1 , … , a SIn ) were used in accordance with the study by Schubert, Kirchner, Schmidtbleicher, and Haas (2012) . The n is the number of sample points (Kutílek et al., 2015) .
Since the mean value and/or median value of the data record is not equal to zero and the signal contains both positive and negative values, the offset correction and rectification of the recorded and calculated accelerations was used in the data record for further evaluation. The baseline of the data record is usually shifted away from the true zero line of recorded accelerations 
Statistical analysis
After calculating the maximal measured values of accelerations and medians of measured values of accelerations, the data from the two MTx units were divided into two sets; one group included accelerations measured on the dominant upper limb, and the second group included accelerations measured on the nondominant upper limb. Also, the data sets were divided into data subsets according to whether the subjects were standing with EO or EC. The Jarque-Bera test was used to test the normal distribution of calculated median accelerations and maximal accelerations in the data subsets. The median (Med), minimum (Min), maximum (Max), the first quartile (Q1) and the third quartile (Q3) of the accelerations were then calculated. The first quartile is defined as the middle number between the smallest number and the median of the data set. The third quartile is the middle value between the median and the highest value of the data set. These indicators are provided because of the statistical presentation of the results and possible future use. Also, the Wilcoxon test was used to assess the significance of the differences between the results of measurements on the dominant and non-dominant arms; and differences between the results of measurements with EO and EC. The significance level was set at .05. In addition, effect sizes (Cohen's d) (Cohen, 1988) , which consider the difference between the two groups of data, were calculated in accordance with studies by Coolican (1990) and Fritz, Morris, and Richler (2012) .
Also, the Spearman's rank correlation coefficient between the data subsets were calculated to study the relations between the data measured on the dominant upper limb and the data measured on the non-dominant upper limb; relations between the superior-inferior accelerations, medio-lateral accelerations and anteriorposterior acceleration; and relations between the data measured on subjects with EO and EC. The statistical analysis was performed using MatLab software.
Results
Jarque-Bera test did not show normal distribution of data in most sets of data. Then, the statistical data were used to illustrate the differences between the movements of the dominant and non-dominant arms of subjects standing with EO and EC. The following plots (Figure 3, Figure 4 and Figure 5 ) display the Min, Max, Med, Q1, and Q3 for the calculated values of maximum and median accelerations.
Comparing dominant and non-dominant upper limb during quiet stance trials The comparison of values of maximal accelerations of the dominant and non-dominant arm found significant differences between the data measured on subjects with EC, see Table 1 . The comparison of values of maximal accelerations of the same arm measured during standing with EO or EC found significant differences only when measuring the non-dominant arm of subjects standing with EC, see Table 1 .
The comparison of values of median accelerations of the dominant and non-dominant arm found significant differences between the data for accelerations in ML direction measured on subjects with EO and EC, see Table 1 . In almost all cases, the comparison of values of median accelerations of the same arm measured during stand with EO or EC found significant differences when measuring non-dominant arms of subjects standing with EC, see Table 1 .
The comparison of values of tremor intensity of the dominant and non-dominant arm did not find significant differences between the data. In all cases, the comparison of values of tremor intensities of the same arm measured during standing with EO or EC found significant differences, see Table 1 .
In all cases of the comparison of the groups of data, the effect sizes were moderate to large, i.e. calculated values were greater than 0.4 in all cases. The differences between groups of data were identified as statistically significant.
Correlation between values on the dominant and nondominant arms
In all cases of the comparison of values of maximal accelerations of the dominant and non-dominant arm, the Spearman's rank correlation coefficient indicates a strong correlation (a value is considered as strong if greater than .60), i.e. strong positive relationship, between the movements of the dominant and nondominant arm, see Table 2 .
In the cases of the comparison of values of median accelerations of the dominant and non-dominant arm in SI direction, the Spearman's rank correlation coefficient indicates strong correlation. Medians of accelerations of the dominant and non-dominant arm in ML direction have a weak or moderate correlation. In the case of the median accelerations in AP direction, the stronger correlation is evident only when subjects standing with EO, see Table 2 .
In the cases of the comparison of values of tremor intensity of the dominant and non-dominant arm in SI and AP direction, the Spearman's rank correlation coefficient indicates a strong correlation. Tremor intensities of the dominant and non-dominant arm in ML direction have strong or moderate correlation, see Table 2 .
Correlation between the superior-inferior, medio-lateral and anterior-posterior accelerations In almost all cases of the comparison of values of maximal accelerations of the dominant upper arm in the SI, AP and ML direction, the Spearman's rank correlation coefficient indicates a moderate or strong correlation, i.e. positive relationship, between the three accelerations, see Table 3 . In only two cases of the comparison of values of maximal accelerations of the non-dominant upper arm in the SI, AP and ML direction, the Spearman's rank correlation coefficient do not indicate significant correlation between the accelerations in the SI, AP or ML direction.
In almost all cases of the comparison of values of median accelerations of the dominant upper arm in the SI, AP and ML direction, the Spearman's rank correlation coefficient indicates a significant correlation between the three accelerations, see Table 3 . Also, in only two cases of the comparison of values of median accelerations of the non-dominant upper arm in the SI, AP and ML direction, the Spearman's rank correlation coefficient does not indicate any moderate or strong correlation between the three accelerations. In all cases of the comparison of values of tremor intensity of the dominant upper arm in the SI, AP and ML direction, the Spearman's rank correlation coefficient indicates a significant correlation between the three tremor intensities, see Table 3 . Also, in all cases of the comparison of values of tremor intensity of the non-dominant upper arm in the SI, AP and ML direction, the Spearman's rank correlation coefficient indicates significant correlation between the three tremor intensities.
Discussion
This study proposed and tested the application of IMUs for measuring spontaneous arm movements while performing a quiet stance. Significant differences in movements of dominant and non-dominant limbs were found using accelerometers in all anatomical axes. Tremors can have generally two sources -oscillations driven by mechanical properties of the limb in the corresponding resonance frequency and central oscillatory component, which synchronizes the motor units' activity of muscles responsible for the segment movements. Several studies have documented that the PT in the upper extremity is largely driven by the limb mechanics enhanced by stretch reflex oscillation, but with minimal central influences (Elble, 2003; Raethjen et al., 2004; Raethjen, Pawlas, Lindemann, Wenzelburger, & Deuschl, 2000) . In line with this, Carignan, Daneault, and Duval (2012) have found that tremors of all segments are highly correlated and driven by the angular displacement in the shoulder joint.
There are only few data available about spontaneous movements of arms at rest, our results thus represent a pilot set, using modern technique, for further studies (Marsden, 1984) . High correlation of tremor intensity between both arms is well documented feature of PT, it shows its common source of oscillation in both extremities. On the contrary, for pathological tremors is typical poor correlation consistent with several central oscillators working in separate loops for each extremity (O'Suilleabhain & Matsumoto, 1998) .
The main applicable findings of this study include significant differences of median accelerations (mediolateral plane) between the dominant and non-dominant upper extremities and between accelerations measured with closed versus open eyes. Less apparent were the differences between the dominant and non-dominant upper extremity and between values measured with closed versus open eyes when parameters of tremor intensity and maximal accelerations were considered, see Table 1 . Higher acceleration and higher tremor intensity were recorded on the non-dominant extremity and with closed eyes compared to the open eyes condition. According to the study of Raethjen et al. (2000) , side differences in the movements were not age, gender and laterality dependent, but the differences were explained by the segment weight and dimensions (i.e. sex differences are indirect consequence of weight alteration). Effects of laterality, observed in our subjects, could be explained by differences in arm weight between dominant and non-dominant extremity as mentioned in Raethjen et al. (2000) . Side differences between dominant versus non-dominant arm weight can amount up to about 4.8% (Clauser, McConville, & Young, 1969) . Side differences in the grip and elbow strength due to differences in muscle mass were found by Aoki and Demura (2008) . Thus, a possible explanation could be that a lighter, non-dominant extremity trembles more. Only a few notions on the tremor correlation with upper limb laterality are found in the literature, e.g. Machowska-Majchrzak et al. (2011) stated that the essential tremor was more intense in the non-dominant extremity in 62% of patients. On the other hand, no correlation of upper limb movement in walking with laterality was found (Kuhtz-Buschbeck, Brockmann, Gilster, Koch, & Stolze, 2008) . 
80). Use of accelerometers to measure movements of upper limbs
The statistically significant difference of the tremor intensity between open and closed eyes conditions is difficult to explain and no relevant literature citations are known. One possible explanation could be that it takes more effort to attain proper posture in space without visual control. For this reason, muscle activity increases and central oscillations are added to the pure mechanical oscillations of the undisturbed stand. This hypothesis could be easily tested by EMG recording of the trembling segments in the future. However, in the case of using accelerometers, the significant difference proved the importance and necessity to take the type of stance task into account, since the results differed between tested conditions. This concludes that complicating stance task by reducing the visual perception, enhances the differences in arm movements.
Methods based on the calculation of the median and finding the maxima of measured values of accelerations are easy to interpret for medical personnel, and therefore mentioned indicators were used. These methods are commonly used for the evaluation of center of pressure (CoP) movement during quiet standing, and therefore the parameters are also used for the evaluation of movement of arms during quiet standing. Median and maxima of measured values are parameters of time-domain analysis. As a method of frequency-domain analysis, tremor intensity was chosen for the assessment of the movement of the upper limbs. The method was chosen as a promising one and because this parameter has not been used before for evaluating the movement of upper limbs during quiet standing. Therefore application of the parameter is an original evaluation procedure of upper limb movement.
There are potential limitations to our study. The main weakness of this study is a small number of subjects, which makes small numbers error possible. Clearly, this study needs to be replicated using a larger sample. Furthermore, measurement during postural load and on several segments of the upper extremity should be included in the future experiments.
However, to test the basic attributes of the application of IMU and quantitative methods proposed for the study of spontaneous arm movements in this preliminary study, a sample of fourteen subjects seems sufficient, just as it was in similar works focused on the spontaneous movements evaluation published by Diener et al. (1992) .
Conclusions
The results pointed to significant differences between movements of the dominant and non-dominant arms during quiet stance with eyes open and eyes closed in a few cases. The results set up pilot values for spontaneous arm movements in rest, without postural load in a group of healthy controls. The designed methods and medical findings may facilitate a wider use of IMUs and evaluation of spontaneous upper extremity movements in medical practice in the future.
